ABSTRACT: With in vivo service, there is loss of mechanical interlock between trabeculae and PMMA cement in total knee replacements. The mechanisms responsible for the loss of interlock are not known, but loss of interlock results in weaker cement-bone interfaces. The goal of this study was to determine the pattern of resorption of interdigitated bone using a series of 20 postmortem retrieved knee replacements with a wide range of time in service (3-22 years). MicroCT scans were obtained of a segment of the cement-bone interface below the tibial tray for each implant. Image processing methods were used to determine interface morphology and to identify supporting, interdigitated, resorbed, and isolated bone as a function of axial position. Overall, the amount of remaining interdigitated bone decreased with time in service (p ¼ 0.0114). The distance from the cement border (at the extent of cement penetration into the bone bed) to 50% of the interdigitated volume decreased with time in service (p ¼ 0.039). Isolated bone, when present, was located deep in the cement layer. Overall, resorption appears to start at the cement border and progresses into the cement layer. Initiation of trabecular resorption near the cement border may be a consequence of proximity to osteoclastic cells in the adjacent marrow space. Clinical Significance: Aseptic loosening of joint replacements remains an important clinical problem. This work explores the process and pattern of trabecular bone resorption responsible for loss of interface fixation. ß
Aseptic loosening continues to be the leading cause of revision in cemented total knee replacements (TKRs). Progressive radiolucencies, component migration, and pain are the clinical hallmarks of the loosening process. Recent work with postmortem retrieved knee replacements has shown that the interlock between the trabecular bone bed and poly(methyl methacrylate) (PMMA) cement does not always remain in place with in vivo use. [1] [2] [3] The loss of interlock results in interfaces with more interface micromotion when loaded 4 and results in weaker joint replacement constructs. 5 Resorption of the trabeculae from within the interlocked cement layer leaves cavities in the shape of the original interlocked trabecular structure. 2 The mechanism driving this resorption process is not known, but stress shielding of the trabeculae, 6, 7 fluid flow-induced osteolysis, [8] [9] [10] monomer toxicity, 11 and thermal necrosis 12 have been proposed. While the amount of fixation has been described in terms of interdigitation depth and cement-bone contact fraction 2, 3 with in vivo service, the pattern of the trabecular resorption process has not been explored.
Using micro-CT image sets of the cement-bone interface from postmortem retrievals, an image processing approach was recently developed to identify locations of trabecular resorption 13 in the interlocked regions. This approach could be used to map the progression of the trabecular resorption process. For example, it is not currently known whether trabecular resorption initiates deep in the cement layer and then progresses toward the border between the cement layer and supporting trabecular bone bed (or vice versa). Alternatively, the resorption pattern could be uniform or random throughout the interlocked region. Using a series of retrieved cement-bone interfaces from knee replacements with a wide range of time in service, the goal of this study was to document the temporal and spatial distribution of trabecular bone resorption. We hypothesized that the amount of trabecular resorption would increase with time in service and donor age, and that resorption would initiate at the cement border with the supporting bone bed and extend into the cement layer with time in service.
METHODS
Cement-bone interface specimens were obtained from the underside of the tibial tray of 20 postmortem retrieved cemented total knee replacements ( Table 1 ). The fresh-frozen knee replacements were obtained from the SUNY Upstate Anatomical Gift Program at the time of death. Donor age ranged from 54 to 90 years old and time in service ranged from 3 to 22 years. There were 15 donors total with 5 donors having bilateral implants. All implants used a metal backed tray design, and 16 of 20 had a central keel. The intact constructs were radiographed in the anterior-posterior and medial-lateral planes. Radiolucencies along the implantbone interface were scored as no interface radiolucencies (n ¼ 13), limited peripheral radiolucencies (n ¼ 7), or extensive radiolucencies (n ¼ 0). There were no cases of focal osteolytic lesions.
A water irrigated diamond wafering blade was used to create (nominally) 8 mm Â 8 mm specimens in cross section containing the cement, interlocked cement-bone interface, and supporting trabecular bone. Micro-CT scans (MicroCT 40, Scanco Medical AG, Br€ uttisellen, Switzerland) were obtained at 16 mm isotropic resolution (55 kV, 144 mA, 200s integration time) in air. The scan sets were imported into MIMICS (Materialise, Leuven, Belgium) with the specimen further trimmed to a cross sectional area of 25 mm 2 (Fig. 1A ). MIMICS image processing was used to create three-dimensional masks for four regions of the construct (Fig. 1B) and the associated cement layer.
During cementing of the proximal tibia, doughy PMMA cement is pressed into the trabecular bone bed, where it flows around existing trabecular bone to create a mechanical interlock. The cement cures in place, creating a mold in the shape of the trabeculae. With in vivo service the trabeculae can resorb, leaving cavities in the cement layer, indicating regions where the bone had resorbed. This is analogous to a "trace fossil" where an initial imprint (such as a footprint) is made in a substrate that then solidifies over time, leaving a "trace" of the initial imprint. Examples of the cavities in the cement are shown in Figure 1A . An image processing approach 13 was previously developed and validated to identify the four component regions (Fig. 1B) ; the approach is briefly outlined here.
Bone was identified with a lower threshold of 500 mg/cc HA equivalent. A separate mask was created for the cement and an 8 voxel dilation, followed by an 8 voxel erosion (Mimics "close" operation) was applied to fill the cement cavities with cement. Boolean and region growing operations were then used to identify the components of the interface including the interdigitated bone (inB), resorbed bone (reB), isolated bone (isB), and supporting bone (spB). Interdigitated bone intersected with the "closed" cement space and was contiguous with the supporting bone. The isolated bone was any remaining bone within the "closed" cement space, not contiguous with the supporting or interdigitated bone. The resorbed bone was an estimate of the remaining space in the cement cavities not occupied by bone. Some manual editing was required to identify round cement shrinkage pores in the cement layer; these were excluded from the resorbed bone estimate. The errors associated with predicting the resorbed bone volume fraction (explained below) using this method were previously reported to be 0.02 mm 3 /mm 2 .
13
For each specimen, cross sectional mask areas were determined as a function of axial position. The cement border (CB) was defined as the distal extent of cement into the trabecular bone (Fig. 1C) . Figure 1C and D illustrates in schematic format how a distribution of component mask areas would map as a function of axial position. The area under each curve (Fig. 1D) represents the volume of each mask component. A number of measures were developed to describe the axial distribution of the bone masks. Nomenclature and summary descriptions of each are described in Table 2 ; nomenclature was chosen to complement existing metrics used for trabecular bone. 14 The interdigitated (inBV), resorbed (reBV), and isolated (isBV) bone volume were calculated as the mask volume divided by the cross sectional area of the specimen (25 mm 2 ). The interdigitation depth (ID) was calculated as the axial distance between the 
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5% and 95% of the inB þ reB þ isB component masks. The component bone volumes are further presented as bone volume fractions (e.g., inBV fr), which was calculated by dividing the BV parameter by ID. For each mask, the distance from the cement border to the 50% area under the curve (e.g., 50% of inBV) was used to describe the relative position of each mask in the cement layer (e.g., D_inBV, see Fig. 1D ). This was further normalized to interdigitation depth (ID) to obtain a fractional position of the mask in the cement layer (e.g., D_inBV fr). The supporting bone volume fraction at the cement border (CB spBV/TV) and 2-4 mm distal to the cement border (distal spBV/TV) were also determined.
Given the small sample size (n ¼ 20) and relative rarity of postmortem retrieved knee replacements, the knee replacements from the five bilateral donors were considered to be independent specimens. Descriptive statistics were determined for each outcome measure for the 20 cement-bone specimens. Paired t-tests with correction for multiple comparisons were performed for the bone volume fraction (inBV fr, reBV fr, isBV fr) and relative distance in cement layer (D_inBV fr, D_reBV fr, D_isBV fr) metrics, to determine if the location of the masks was different. To test whether trabecular resorption would increase with time in service and donor age, a linear regression model was performed with inBV, reBV, and isBV as dependent variables and time in service, age, and interdigitation depth as independent variables. Interdigitation depth was included in the regression model to account for the fact that the initial interdigitation depth was variable for the sample population. To test the hypothesis that resorption would initiate at the cement border with the supporting bone bed and extend into the cement layer with time in service, linear regression models were developed with the 50% distance for interdigitated (D_inBV), resorbed (D_reBV), and isolated (D_isBV) bone as dependent variables, and time in service and interdigitation depth as independent variables. Age was not included in this second set of regression models, because it was not a significant variable in the first set of regression models. Finally, to determine if there was condensation of supporting bone at the cement border, a paired t-test was performed to determine if the amount of supporting bone at the cement border was greater than more distal regions.
RESULTS
An example mask area distribution (Fig. 2 ) for a donor with very little trabecular resorption (Donor E) shows that there is more remaining interdigitated bone compared to resorbed bone and that the resorbed bone is located closer to the cement border. There is also more supporting bone near the cement border compared to more distal locations. Note also that in the vicinity of the cement border, there is some overlap between regions of interdigitated, resorbed, and supporting bone. This is because the cement layer does not flow uniformly into the trabecular spaces and is Figure 2 . Example of CT mask area fraction as a function of axial position for Donor E. There is more interdigitated bone compared to resorbed bone, and the resorbed bone is located close to the cement border. There was no isolated bone in this sample.
There is more supporting bone near the cement border, compared to more distal locations. not perfectly orthogonal with the axial direction. The choice of a 5% and 95% of bone in the interdigitated region to define the cement border and interdigitation thickness was chosen to account for these end effects.
Representative examples (Fig. 3) of the cementbone interfaces from postmortem retrievals illustrate that the resorption patterns vary a great deal depending on donor. The specimen from Donor E (61 YO male, 5 years in service) had very little resorbed bone while the specimen from Donor M (86 YO female, 18 years in service) had a substantial amount of resorbed bone with limited interdigitation. Overall, the amount of resorbed bone volume fraction (Table 2 Using a linear regression model (Table 3) , the interdigitated bone volume (inBV) decreased with increasing time in service (p ¼ 0.0114), was greater for cases with greater interdigitation depth (p ¼ 0.0129), and had a non-significant trend of decreasing with increasing age (p ¼ 0.071). The amount of resorbed bone (reBV) increased with time in service (p ¼ 0.0007) and interdigitation depth (p ¼ 0.0012), with a trend for increasing age (p ¼ 0.11). The amount of isolated bone (isBV) was also greater with increased time in service (p ¼ 0.032) and interdigitation depth (p ¼ 0.0006). Overall, the independent variables could explain between 47% and 81% of the variability of the sample population for the dependent variables.
The relative effects of time in service and donor age can be explored using the regression model parameter estimates. For example, inBV decreased 0.0207 (mm The distance to 50% of the interdigitated bone volume (D_inBV) decreased (move closer to cement border) with increasing time in service (p ¼ 0.039) and increased (move deeper in cement layer) with greater interdigitation depth (p ¼ 0.0018) ( Table 4) . The distance to 50% of the resorbed bone volume (D_reBV) had a trend to increase with increasing time in service (p ¼ 0.093) and increased with greater interdigitation depth (p ¼ 0.0007). The distance to Interdigitated bone volume
Resorbed bone volume (reBV)
The overall regression model fit (R 
DISCUSSION
A series of postmortem retrieved total knee replacements, which were functioning at the time of donor death, were used to explore the pattern of resorption of trabeculae that initially interlock with PMMA cement. Resorption of the trabecular bone below the tibial tray starts at the cement border (at the extent of cement penetration into the bone bed) and progresses into the cement layer. The amount of resorption increases with time in service, and may be more prevalent in older donors, although the age effect was not statistically significant here. Regions of isolated bone are found deep in the cement layer, and these are more likely to be found for cases with large interdigitation depth, and longer time in service. There was more bone at the cement border compared to more distal locations.
This work has several limitations. A single cementbone specimen was obtained for each donor bone, and specimens for each bone were taken from regions where there was identifiable initial cement-bone interlock. Other regions where there was less initial interlock might have different resorption patterns, but we have noted previously that donor bones with more initial interlock maintain a greater degree of interlock with in vivo service. 2 Five donors had bilateral implants and the implants were considered to be independent in the regression models. However, the time in service for each of the bilateral knees was different. A range of donor ages was used in this study (54-90 years), and there was a near even distribution between knees from male (n ¼ 9) and female (n ¼ 11) donors. However, the mean age of male donors was lower (71 years), compared to female donors (83 years). It would be interesting to explore the effect of donor sex on trabecular resorption, particularly given the potential for estrogen deficiency to effect bone loss, 15 but this would be best performed if the male and female population spanned the same age ranges, and with a much larger sample size. In the image processing approach used here, there are errors associated with the estimate of resorbed bone volume due to the fact that the cement surface at the completion of surgery does not completely conform to the interlocking trabeculae. Previous work 13, 16 has shown that errors in estimates of resorbed bone volume are 0.02 mm 3 /mm 2 ; this represents about 10% of the mean predicted resorbed bone volume measured in the current study.
The mechanism (or mechanisms) responsible for the trabecular resorption process in interdigitated cement-bone constructs is not known. Recent work using finite element models of interlocked cementbone regions that were loaded axially, across the cement-bone interface, indicates that the trabeculae are stress shielded 6, 7, 16 and that the amount of stress shielding increases for bone deeper in the cement layer. The authors 16 also noted that there is more micromotion near the cement border and this micromotion was diminished deeper in the cement layer. If resorption were driven only by stress shielding, one would anticipate that resorption would start deep in the cement layer and move towards the cement border, but this is not consistent with the findings here.
After implantation, very small thin gaps form between the cement and trabeculae, and the cement and bone move relative to each other when loads are applied across the interface. The relative motion causes fluid pumping along the interface, and this could result in shear stresses of sufficient magnitude to result in fluid flow induced lysis. 10 Fluid-structure micromechanical models of the trabeculae-cement interface have been used to explore this possibility. 8 Fluid shear stresses were found to be highest near the Distance to 50% inBV (D_inBV)
Distance to 50% reBV (D_reBV)
Distance to 50% isBV (D_isBV)
The overall regression model fit ( R 2 ) is shown, as are model estimates and parameter significance levels.
2778
cement border, and decreased further in the cement layer. The shear stresses were estimated to be much higher than what would normally be present on trabecular bone surfaces. 17 Initiation of trabecular resorption near the bonecement interface may be a consequence of proximity to osteoclastic cells. Trabecular surfaces deep in the cement are initially accessible from the marrow space only through thin interfacial gaps. Osteoclasts (or preosteoclasts) would not readily migrate to these deep trabecular surfaces. Interfacial trabecular bone that is either in direct contact with or in close proximity to bone marrow would be most accessible to osteoclasts. Once resorption occurs near the cement border, this would provide a pathway for cell transport deeper in the cement layer. Given the ability of osteocytes to propagate signals over long distances, it remains possible that this interfacial resorption occurs in response to stress shielding of trabecular bone deep in the cement layer. Development of fibrous tissue in the resorbed trabecular spaces could prevent later resorption of trabeculae deep in the cement layer by essentially sealing off access to marrow cells, resulting in residual islands of isolated bone. It is likely a combination of mechanical and biological factors could contribute to the pattern of bone loss seen here.
The amount of supporting bone at the cement border (BV/TV ¼ 0.12 AE 0.07) was of the same magnitude as the sum of interdigitated, resorbed, and isolated bone (inBV þ reBF þ isBV fr ¼ 0.12 AE 0.04) after accounting for the overestimate of resorbed bone (0.008 mm 3 /mm 3 ). This suggests that for most cases, there is not additional condensation of bone at the cement border. The volume fraction of interdigitated trabecular space (inBV þ reBF þ isBV fr) in the cement layer at the time of surgery also provides a measure of the initial state of the trabecular bone, prior to in vivo service. The amount of supporting bone distal to the cement border (BV/TV ¼ 0.07 AE 0.04 mm It is important to note that even with substantial trabecular resorption, there can be strut-like support of the cement by the supporting bone (Fig. 4A) . This is apparently sufficient to maintain stable fixation, even though with loss of trabecular interlock, there is loss of interface strength. 5 However, there are cases where the strut-like support is lost, leaving a gap between the cement and bone (Fig. 4B) . The gap is often filled with organized fibrous tissue, and there is greater condensation of trabeculae adjacent to the interface. This latter scenario would correspond to cases or locations where there are radiolucencies evident on X-ray.
From the results of this study, it is clear that trabecular interlock can be maintained, particularly for younger patients with shorter time in service. If trabecular resorption were driven solely by an acute, short-term process, it would be expected that interlock would be lost within the first few years of service. But this is not the case. It is possible that other systemic factors, such as age related bone loss, 19 are needed for the resorption process to occur. Recent clinical studies have shown that patients taking bisphosphonates 20, 21 have a lower revision rate. Bisphosphonates might alter the effects of age related bone loss around the implant, and also possibly mitigate the resorption process at the cement-bone interface. More investigations are needed to understand the role of cell-cell communication, osteoclast access and/or recruitment, mechanobiologic role of osteocytes, and biomechanical signals in the time-dependent resorption process. With this additional information, it may be possible to alter or even reverse the resorption process.
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